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Heat transfer is the bottleneck to fast pyrolysis of biomass. Although the enthalpy 
for pyrolysis of biomass is relatively small, operation at temperatures around 500°C 
constrains heat carrier selection to inert gases and granular media that can sustain only 
modest thermal fluxes in practical pyrolysis systems. With heat transfer controlling the 
rate of pyrolysis, reactor capacity only scales as the square of reactor diameter and does 
not benefit from economies of scale in building larger reactors. We have eliminated this 
heat transfer bottleneck by replacing it with partial oxidation of pyrolysis products to 
provide the enthalpy for pyrolysis in a fluidized bed reactor, a process that can be 
described as autothermal pyrolysis. 
The oxygen-to-biomass equivalence ratio depends upon the kind of biomass being 
pyrolyzed and the level of parasitic heat losses from the reactor, but under conditions that 
simulate adiabatic operation, equivalence ratios are approximately 0.06 and 0.10 for corn 
stover and red oak biomass, respectively. Despite the presence of oxidation reactions, 
autothermal operation resulted in no significant loss in bio-oil yields from corn stover (59 
wt.%) or red oak (64 wt.%) compared to conventional pyrolysis conditions 
In both studies, carbon balances indicate that less valuable pyrolysis products 
(char and aqueous, bio-oil light ends) are consumed via partial oxidative reactions to 
provide the enthalpy for pyrolysis. For corn stover, the carbon yields of char and bio-oil 
light ends decreased by 18.5% and 4.7%, respectively, whereas red oak carbon yields of 
char and bio-oil light ends decreased by 25.0% and 21.3%, respectively. The most 
valuable pyrolysis product (organic-rich, bio-oil heavy ends) were the least affected in 
xii 
both studies. For corn stover, carbon yields of bio-oil heavy ends increased by 0.9% 
whereas red oak carbon yields decreased by 8.0%. 
Autothermal operation also resulted in significant process intensification of this 
8.9 cm diameter reactor, increasing corn stover throughput from 7.8 to 21.9 kg hr-1 and 
increasing red oak throughput from 4.8 to 15.4 kg hr-1. Autothermal operation has the 
potential to intensify biomass fast pyrolysis, while simplifying reactor design and 
operation, to improve the commercial prospects for pyrolysis.
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CHAPTER 1.    GENERAL INTRODUCTION 
Research Objectives 
The overall goal of this research is to improve the operating conditions of a pilot-
scale fluidized bed pyrolyzer coupled with a fractional bio-oil collection system. Specific 
goals included: (1) operating the fluidized bed reactor to operate in either conventional 
pyrolysis or autothermal pyrolysis conditions, (2) achieve process intensification 
conditions where biomass throughput is maximized via autothermal operation, (3) 
eliminate biochar deposits within the reactor bed to facilitate steady operation of 
herbaceous biomass processing, and (4) modifying the fractional bio-oil collection 
system with a direct-contact heat exchanger (quench vessel) to reduce fouling of bio-oil 
within process piping. These are described in more detail along with their corresponding 
tested hypotheses. 
 
Objective #1: operate the reactor under conventional and autothermal pyrolysis 
conditions (Chapters 3 and 4) 
The first research objective aims to operate the fluidized bed reactor under 
different pyrolysis conditions (conventional and autothermal) and compare their effects. 
Conventional pyrolysis is traditionally defined as the thermal decomposition of organic 
matter at elevated temperatures in an inert atmosphere. Oxygen is usually excluded from 
pyrolysis systems due to the fear of fully oxidizing the organic matter to carbon 
monoxide and carbon dioxide at elevated temperatures and lead to undesirable yields of 
bio-oil and biochar. Autothermal pyrolysis aims to control the degree of oxidation of the 
organic matter (biomass) and decomposition intermediates (bio-oil and biochar) at 





If fast pyrolysis is an endothermic process requiring a modest amount of energy to 
thermally deconstruct biomass, then this enthalpy for pyrolysis can be provided by 
oxidizing the biomass and/or pyrolysis products without severe losses in bio-oil and 
biochar yields. 
 
Discussion of Hypothesis #1 
The first research hypothesis examines whether the enthalpy for pyrolysis 
(endothermic) can be balanced by partial oxidation reactions (exothermic) within the 
reactor to achieve energy-neutral operation (autothermal). This can be tested in the pilot-
scale fluidized bed pyrolyzer by using inert nitrogen as the fluidizing gas during 
conventional pyrolysis experiments and supplementing a portion of the fluidizing gas 
with air during oxidative pyrolysis experiments. The response of the reactor’s heaters can 
provide feedback to determine the how much air is required to balance the pyrolysis 
reactions. This methodology can be used to measure the oxygen-to-biomass equivalence 
ratio necessary for autothermal operation. 
 
Objective #2: achieve process intensification of autothermal pyrolysis (Chapter 3) 
The second research objective aims to further develop autothermal pyrolysis with 
the purpose of intensifying the reactor’s processing conditions (biomass feed rate and air 
percentage in the fluidizing gas). Although the enthalpy for pyrolysis is relatively small, 
external heat transfer to the reactor often dictates the biomass throughput. This has been 
identified as the limiting factor (process bottleneck) for many pyrolysis reactors. Process 
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intensification conditions aim to overcome this external heat transfer limitation by 
increasing the amount of internal heating (via partial oxidative reactions) to allow for 
increased biomass throughput. 
 
Hypothesis #2 
If autothermal pyrolysis of biomass can be operated at modest oxygen-to-biomass 
equivalence ratios involving partial fluidization with air, then the process can be further 
intensified to maximize biomass feed rates when the reactor is 100% air-blown. 
 
Discussion of Hypothesis #2 
The second research hypothesis investigates whether the biomass throughput can 
be increased to a maximum when the fluidizing nitrogen is entirely replaced with 100% 
air. This can be tested in the pilot-scale fluidized bed pyrolyzer by simultaneously 
increasing the biomass feed rate with the percentage of air in the fluidizing gas. It is 
important to maintain the oxygen-to-biomass equivalence ratio necessary for autothermal 
operation. The response of the reactor’s heaters can provide feedback to maintain this 
equivalence ratio while the biomass feed rate is increased simultaneously with the 
percentage of air in the fluidizing gas. The maximum biomass feed rate is observed when 
the reactor becomes 100% air-blown. 
 
Objective #3: obtain stable reactor operation during corn stover pyrolysis (Chapter 
4) 
The third research objective aims to obtain stable reactor operation by eliminating 
biochar deposits within the reactor bed to facilitate steady operation of herbaceous 
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biomass processing. It was evident from system turn-around maintenance of the early 
experiments that excessive amounts of biochar were accumulating in the bed media of the 
fluidized bed reactor. This needed to be corrected in order to perform successful pyrolysis 
experiments using corn stover. The superficial gas velocity within the reactor is a key 
parameter in operating a fluidized bed reactor and provides some information to the 
degree of solids mixing in the bed. Fluidized reactor systems have been designed for a 
wide variety of chemical processing technologies with various types and sizes of bed 
media. This suggested that the challenges associated with biochar produced during corn 
stover pyrolysis could be met with a combined solution of changing the bed media and 
fluidization conditions of the pilot-scale fluidized bed reactor. 
 
Hypothesis #3 
If corn stover pyrolysis suffered from bed fouling due to the accumulation of 
biochar in the bed, then the bed media particle size could be increased to allow for higher 
superficial gas velocities, where aggressive fluidization conditions can promote char 
particle attrition and elutriation from the reactor to improve operation. 
 
Discussion of Hypothesis #3 
The third research hypothesis examines whether changes to the bed media particle 
size and superficial gas velocity could promote char particle attrition and elutriation from 
the reactor to eliminate bed fouling issues. This can be tested in the pilot-scale fluidized 
bed pyrolyzer by replacing the original sand (bed media) with sand that had a larger 
particle size distribution. The fluidization gas flow could then be increased to raise the 
superficial gas velocity within the reactor. This combination could then be adjusted to 
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obtain the desired fluidization conditions that encouraged char particle attrition and 
elutriation. The response of the reactor’s differential pressure transducer (across the bed) 
and thermocouples (within the bed) can provide feedback to determine when steady state 
reactor operation has been achieved. Performing a post-experiment separation of the bed 
material (biochar and sand) will allow for measuring the char loading in the reactor. 
Determination of the desired fluidization conditions could be investigated with a series of 
tests to measure steady state char loadings in the bed material at varying superficial gas 
velocities. The fluidization conditions that yield the lowest char loading in the bed 
material should dramatically improve the overall reactor operation. 
 
Objective #4: improve the condensation and collection of bio-oil heavy ends 
(Chapters 3 and 4) 
The fourth research objective aims to improve the condensation and collection of 
bio-oil heavy ends by modifying the first unit operation of the fractional bio-oil collection 
system. The first stage fraction utilized a traditional shell-and-tube indirect heat 
exchanger but experienced significant fouling issues due to a large temperature gradient 
between flowing vapors and liquids. The bio-oil heavy ends are highly viscous liquids 
and contain thermally unstable products; repolymerization and dehydration reactions can 
degrade oil quality and yield as liquids flow down the vessel walls. This needed to be 
corrected in order to perform successful experiments (not disguised by inefficiencies of 
the collection system) allowing for better comparisons among conventional and 





If bio-oil heavy ends undergo degradation reactions when liquids experience 
elevated temperature gradients in an indirect heat exchanger, then a direct-contact heat 
exchanger operating with uniform temperatures can rapidly quench products without 
severe degradation changes. 
 
Discussion of Hypothesis #4 
The fourth research hypothesis investigates whether changes to the first stage 
fraction can improve the condensation and collection of bio-oil heavy ends. This can be 
performed on the pilot-scale fractional bio-oil collection system by replacing the shell-
and-tube indirect heat exchanger with a direct-contact heat exchanger to quickly quench 
the bio-oil vapors. De-ionized water can be used as the quench media, sprayed into the 
hot pyrolysis product stream, and allowed to evaporate and selectively quench bio-oil 
heavy ends. The response of the vessel’s thermocouples can provide feedback to 
determine the necessary quench flow rate to maintain a uniform temperature around 125 
°C without much temperature gradient. Performing post-experiment inspections of the 
vessel will help determine if changes to the first stage fraction improved oil collection 
and reduced fouling inside the process piping. 
 
Dissertation Outline 
This document is organized into five main chapters. Chapter 1 provides a general 
introduction of the research objectives and outlines the hypotheses tested in this research. 
Chapter 2 describes the background and motivation behind the research in biomass 
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utilization, fast pyrolysis, and a literature review of autothermal processing. Chapters 3 
and 4 constitute the body of the dissertation and are presented in the form of two 
scientific articles written to document the progress made towards the research objectives. 
Chapter 5 summarizes the research findings and makes recommendations for future work. 
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CHAPTER 2.    BACKGROUND 
Motivation for Biorenewable Energy 
Decades of producing and consuming fuels from finite, fossil energy sources have 
created a need for exploring sustainable sources of energy. There are numerous issues 
and challenges faced with continuing our dependence on petroleum-based transportation 
fuels, but they can be largely classified into three distinct groups: (1) environmental 
security, (2) social security, and (3) political security. Biorenewable energy aims to 
improve upon several factors of environmental, social, and political security compared to 
its fossil fuel predecessors [1]. 
 
Environmental security 
This can be viewed in two different scopes, global and local environmental 
security concerns. Greenhouse gas (GHG) emissions, namely carbon dioxide (CO2), are 
produced from combustion applications in power plants, industrial factories, fuel 
refineries, transportation vehicles, etc., and represents a global environmental security 
concern due to the potentially hazardous nature of climate change for all of Earth’s 
inhabitants. The atmospheric concentration of GHG emissions has risen to unprecedented 
levels as a result of anthropogenic activities from the time of the industrial revolution to 
modern day [2]. Biorenewable sources of energy aim to convert biogenic sources of 
carbon to produce liquid transportation fuels. This utilizes the carbon cycle where CO2 
emissions can be recycled during biomass growth periods via photosynthesis. 
Local environmental security concerns, such as effects from acid rain and smog 
pollution, are more localized to where fossil fuels are consumed, and other types of gases 
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are emitted. Biorenewable energy aims to avoid the production of acid rain by using 
biomass feedstocks that have inherently lower sulfur and nitrogen content than fossil 
fuels. Biorenewable energy can also produce oxygenated fuels like ethanol and biodiesel 
that can help reduce soot formation which contributes to smog. 
 
Social security 
Dependence on fossil fuel energy sources can lead to rising energy prices when 
resources become scarce. This can greatly affect impoverished people that already have 
limited spending power for necessities. Biorenewable energy aims to diversify the fuel 
production markets with additional biofuels compatible with transportation vehicles. 
Ideally, these additional sources of fuels could influence the supply-side of supply and 
demand economics to reduce prices for consumers. Second generation biofuels that 
utilize cellulosic biomass feedstocks can improve upon social security concerns by 
avoiding “food versus fuel” or indirect-land use debates [3] that arise with first 
generation biofuels like corn grain ethanol or soybean-based biodiesel. 
 
Political security 
Dependence on fossil fuel energy sources can stress political security concerns for 
varying countries around the world and provide wealth for regions that benefit from 
being located near large coal, petroleum, or natural gas resources. Biorenewable energy 
aims to expand and diversify the sources of energy useful for fuel production outside of 
traditional fossil fuels. Domestic energy production (biorenewable or fossil fuel sourced) 
is an important geopolitical strategy to ensure energy resources are available to support a 
country’s own demand. For most countries around the world, an energy portfolio based 
10 
 
completely on its own domestic energy production is not feasible. Biorenewable energy 
technologies are promising for the prospects of increasing the domestic energy 
production by utilizing a country’s biomass resources. 
 
Sources of Biomass for Biorenewable Energy 
Many different types of biomass are grown throughout the United States and the 
2016 Billion-Ton Study reports that woody and herbaceous dedicated biomass energy 
crops will start to reach impactful annual production rates in the coming years, 2022 to 
2040 [4]. One of the largest available biomass resources are crop residues resulting from 
current agricultural practices (Figure 2.1). Corn stover accounts for 80% of all crop 
residues (Figure 2.2) across three different prices ($40, $60, and $80 per ton). The 2016 
Billion-Ton Study estimated that 215 million tons of corn stover could be harvested 
sustainably in 2017, and the annual production of corn stover is predicted to reach up to 
364 million tons by the year 2040. Figure 2.3 presents a map of the continental United 
States indicating the locations for sustainable corn stover harvesting, based on the source 
data provided in the 2016 Billion-Ton Study [4]. The map indicates the most prevalent 
locations for the highest annual production rates of corn stover biomass are across the 
Midwestern region of the United States; which is not surprising, because this region has 






Figure 2.1. Comparison of crop residues with anticipated production of dedicated woody 
and herbaceous biomass energy crops across different prices ($40, $60, and $80 per ton). 
Source data: [4]. 
 
 
Figure 2.2. Comparison of all major crop residues outlined by the 2016 Billion-Ton 





Figure 2.3. Map of the continental United States indicating the locations for available 
corn stover biomass at different annual production levels (dry tons per year). Source data: 
[4]. 
 
Corn stover biomass represents the largest individual biomass resource currently 
available for biorenewable energy technologies, and it is anticipated to expand 
throughout the next two decades. It is imperative that bioenergy pathways be able to 
utilize corn stover biomass since it is abundantly available and relatively inexpensive 
compared to future woody and herbaceous dedicated biomass energy crops. One 
promising pathway for converting biomass resources to biofuels and biorenewable 





Thermochemical Conversion of Biomass 
Thermochemical conversion of biomass typically involves a combination of 
temperature, pressure, and catalysis to thermally deconstruct biomass lignocellulose into 
fuels, chemicals, or electric power [6]. An overview of the primary thermochemical 
conversion pathways with secondary upgrading technologies to synthesize transportation 
fuels from biomass [7] is shown in Figure 2.4. There are a wide variety of 
thermochemical processing technologies for bioenergy and transportation fuels. The 
thermochemical pathway chosen to deliver a specific final product is often dictated by the 
starting biomass feedstock and the process techno-economics to achieve good product 
yields and reduced capital and operating costs. 
 
 
Figure 2.4. Thermochemical pathways for synthesizing transportation fuels from 
biomass; figure from Huber et. al. [7].  
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Fast pyrolysis is a promising technology to produce bio-oils, which are an 
intermediate product for biofuels and biorenewable chemicals [8]. This process is 
typically defined as the thermal decomposition of organic matter at elevated temperatures 
in the absence of oxygen. The involvement of oxygen is typically avoided in fast 
pyrolysis technologies due to the fear of oxidizing valuable pyrolysis products, bio-oil 
and biochar, and reducing their quality and yields. On the other hand, autothermal 
pyrolysis research has been reported in literature to purposefully include oxygen during 
processing conditions to provide internal heating for the process. 
 
Literature Review on Autothermal Pyrolysis 
A review of the literature yielded numerous studies on oxidative pyrolysis by 
Wongsiriamnuay and Tippayawong [9], Shen et. al. [10], Senneca et. al. [11], Daouk et. 
al. [12], and Amutio et. al. [13] where thermogravimetric analyzers (TGA) have been 
employed to perform experiments. These studies all suffered from relatively low heating 
rates (10 to 50 °C per min) inside the instruments and attempted batch processing of very 
small samples (approximately 10 to 30 mg). Autothermal pyrolysis is not possible for 
TGA’s since the equivalence ratio constantly changes throughout the duration of an 
experiment; this occurs when a fixed amount of biomass undergoes oxidative pyrolysis 
by using a constant flow of oxygen/nitrogen. The literature review was revised to focus 
on studies employing continuous flow systems where biomass and oxygen are 
continuously fed together. 
Boukis et. al. [14] used a circulating fluidized bed (CFB) reactor system (Figure 
2.5) where fluidization air is preheated and used to first combust char collected from their 
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solids recovery system and provide heat to the sand bed media. The resulting flue gases 
then enter the CFB riser section where biomass (pine wood) is pyrolyzed at a rate of 10 
kg h-1. This system design does not adequately control the equivalence ratio (0.214-
0.318) used for biomass pyrolysis in their experiments since the CFB system decouples 
the exothermic reactions (oxidative combustion) from endothermic reactions (biomass 
pyrolysis) in separate unit operations. Furthermore, the study does not investigate the 
organic content of their bio-oil and reports total liquids yields, which can include a large 
amount of reaction water. It is not shown whether the organic yields of bio-oil were 
preserved or consumed during autothermal operation. 
 
Figure 2.5. A circulated fluidized bed reactor system used for pilot-scale autothermal 




Amutio et. al. [15] used a conical spouted bed reactor (CSBR) system (Figure 2.6) 
where a blend of nitrogen and air were used to control the oxygen concentrations at 2.5 
and 4.1 vol.%, representing equivalence ratios of 0.15 and 0.25 respectively. Their 
reactor operated autothermally with a biomass (pine wood waste) feed rate of 0.2 kg h-1 
and produced a high yielding bio-oil (68.9–75.3 wt.%), but it appeared to also produce an 
undesirable amount of moisture content (36.7–50.3%) in the bio-oil. As a result, the 
organic yields of bio-oil decreased significantly with an increasing equivalence ratio. 
 
Figure 2.6. A conical spouted bed reactor system used for pilot-scale autothermal 




Li et. al. [16] used a fluidized bed reactor system (Figure 2.7) in which varying 
combinations of nitrogen and air were used to measure oxidative pyrolysis conditions at 
different equivalence ratios (0.14, 0.18, and 0.23). They reported an equivalence ratio of 
approximately 0.05 to achieve autothermal pyrolysis of birch bark biomass at a feed rate 
of 0.6 kg h-1. Their reactor design utilized a hot gas, ceramic filter in the freeboard of the 
fluidized bed to retain the char in the reactor. It seems that the equivalence ratio was not 
continuously controlled at their specified conditions, since the presence of retained char 
in the reactor was also increasing throughout the duration of the experiment. This design 
not only preferentially oxidized char in the reactor but it appears the use of a hot gas, 
ceramic filter in the freeboard inadvertently encouraged degradation of pyrolysis vapors 
before they could exit the reactor. They reported significant yield decreases from 16 wt.% 
to 5 wt% and from 55 wt.% to 48 wt.% for biochar and bio-oil, respectively, when 
operating under autothermal pyrolysis conditions. Similar results were found when they 
later performed autothermal pyrolysis experiments on kraft lignin [17] in the same 





Figure 2.7. A fluidized bed reactor system used for benchtop autothermal pyrolysis 
experiments; figure from Li et. al. [16]. 
 
The literature review identified several processing challenges associated with 
autothermal pyrolysis experiments. This helped formulate the hypotheses presented 
earlier in Chapter 1. The literature review also identified a research gap in the field of 
autothermal pyrolysis. Of all the studies reviewed, the biomass feed rate was held 
relatively constant throughout experiments, but the volumetric percentage of air and 
nitrogen in the fluidizing gas were adjusted to study the effects of equivalence ratios on 
pyrolysis product yields. This helped formulate the second research hypothesis discussed 
earlier in Chapter 1 on page 3. The following chapters discuss the research investigations 
on process intensification conditions, where autothermal operation of the reactor is used 
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Abstract 
Heat transfer is the bottleneck to fast pyrolysis of biomass. Although the enthalpy 
for pyrolysis of biomass is relatively small, operation at temperatures around 500°C 
constrains heat carrier selection to inert gases and granular media that can sustain only 
modest thermal fluxes in practical pyrolysis systems. With heat transfer controlling the 
rate of pyrolysis, reactor capacity only scales as the square of reactor diameter and does 
not benefit from economies of scale in building larger reactors. We have eliminated this 
heat transfer bottleneck by replacing it with partial oxidation of pyrolysis products to 
provide the enthalpy for pyrolysis in a fluidized bed reactor, a process that can be 
described as autothermal pyrolysis. The oxygen-to-biomass equivalence ratio depends 
upon the kind of biomass being pyrolyzed and the level of parasitic heat losses from the 
reactor, but under conditions that simulate adiabatic operation, equivalence ratios are 
around 0.10, compared to 0.20 or higher for autothermal gasifiers. At this low 
equivalence ratio, there was no significant loss in bio-oil yield when operating the reactor 
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autothermally (64.8 wt.%) as compared to conventional pyrolysis (64.4 wt.%). Carbon 
balances indicate that less valuable pyrolysis products (char and aqueous, bio-oil light 
ends) are consumed via partial oxidative reactions to provide the enthalpy for pyrolysis. 
While the carbon yields of char and bio-oil light ends decreased by 25.0% and 21.3%, 




Pyrolysis as conventionally defined is the heating of biomass or other 
carbonaceous solids in the absence of oxygen to produce liquids (bio-oil), solids (char), 
and non-condensable gases [1]. Slow pyrolysis, characterized by heating over several 
minutes or hours, favors dehydration reactions that yield char as the primary product. 
Fast pyrolysis, an intrinsically non-equilibrium process, strives to rapidly heat biomass to 
several hundred degrees Centigrade in a few seconds and rapidly quench the products of 
pyrolysis with the goal of maximizing bio-oil yield [2]. Towards this end, biomass 
particles are finely ground to less than a few millimeters in diameter and reactors 
designed to sustain high heat fluxes at particle surfaces. Fluidized beds are particularly 
attractive for their ability to transfer heat between granular bed material and biomass 
particles [3] although other schemes, including screw augers [4] and entrained flow 
reactors [5], can also achieve rapid heating of biomass especially if used in conjunction 
with granular heat carriers. When using these kinds of reactors with finely ground 
particles, transferring heat to the surface of the biomass rarely limits the rate of pyrolysis. 
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More challenging is transferring heat into the pyrolyzer itself. The enthalpy for 
biomass pyrolysis, defined as the energy to raise solid reactant to pyrolysis temperature 
and chemically transform the reactant into volatilized products, is relatively small, 
representing as little as 7% of the energy content of the feedstock [6]. However, 
providing heat at high temperature, on the order of 500 °C, into commercial-scale 
pyrolyzers limits heat carriers to inert gases like nitrogen or carbon dioxide and granular 
media like sand or steel shot [7]. Gases are easy to handle but have limited volumetric 
heat capacities and heat transfer coefficients [8]. Direct contact heat transfer between hot 
gas and biomass is usually not practical because of the large volume of gas required. 
Instead, tubular heat exchangers are employed for indirect heat transfer, although these 
are susceptible to erosion in fluidized pyrolyzers [9]. Granular media have somewhat 
better thermal properties and are suitable for direct contact heat transfer but are more 
difficult to convey and the granular media becomes intermingled with solid products of 
pyrolysis. Both direct and indirect heat transfer systems also require ancillary equipment 
to circulate and heat them.  
Supplying the enthalpy for pyrolysis by indirect heat transfer becomes 
increasingly difficult as systems scale up [10]. As the reactor becomes larger, energy 
demand for pyrolysis, which is a volumetric phenomenon, outstrips energy supply from 
heat transfer, which is a surface area phenomenon. Thus, when heat transfer is rate 
limiting, the capacity of the reactor only scales as the square of diameter, regardless of 
whether indirect or direct heat transfer is employed, assuming a fixed diameter-to-length 
ratio. Since the cost of a reactor also roughly increases with the square of diameter [11], 
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no economies of scale are captured in building larger pyrolyzers (that is, costs are 
expected to increase linearly with capacity).  
An autothermal reactor balances the energy demand of endothermic reactions 
with the energy released from exothermic reactions. Heat carriers, heat exchangers and 
the associated ancillary equipment can be reduced in size or even eliminated. Since 
chemical reaction rather than heat transfer controls the overall process, capacity scales as 
the cube of reactor diameter. If successfully applied to pyrolysis, autothermal operation 
would represent a dramatic process intensification: an autothermal pyrolyzer would have 
several fold higher capacity to process biomass than conventional pyrolyzers of similar 
dimensions especially as the reactors are made larger. 
Autothermal operation is widely practiced for endothermic processes that 
approach chemical equilibrium such as gasification of solid fuels [12] and steam 
reforming of gaseous fuels [13]. In these processes, a small amount of oxygen is admitted 
to burn a small fraction of products, releasing sufficient energy to drive reactions toward 
chemical equilibrium, producing a mixture of light, flammable gases known as syngas 
(primarily carbon monoxide and hydrogen). The benefit of adding oxygen to a pyrolyzer 
operating far from equilibrium is less obvious. If anhydrosugars, phenolic monomers, and 
other heavy molecular species were substantially oxidized, pyrolysis products would 
include more light gases and less bio-oil, reducing the value of the bio-oil.  
Of course, studies on the oxidation of solid, liquid and gaseous organic 
compounds at high temperatures (typically higher than 800 °C) constitute the vast 
literature on combustion. Fewer studies have explored oxidation at temperatures typical 
of pyrolysis (400-600 °C). Previous studies on oxidative pyrolysis by Wongsiriamnuay 
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and Tippayawong [14], Shen et. al. [15], Senneca et. al. [16], Daouk et. al. [17], and 
Amutio et. al. [18] have employed thermogravimetric analyzers (TGA). They report 
significant oxidation at pyrolysis temperatures and suggest some degree of simultaneous 
devolatilization and heterogeneous oxidation at the surface of biomass particles. This so-
called “oxidative pyrolysis” contrasts with the generally accepted idea that heterogeneous 
oxidation at the surface of the solid biomass does not substantially commence until 
devolatilization is complete [19]. However, these experiments suffer from slow heating 
rates (10-50 °C/min) compared to fast pyrolysis and non-steady state operation 
characterized by variable and unmeasurable equivalence ratios arising from passing a 
continuous flow of oxygen over a fixed mass of reactant. 
Other researchers have explored the effect of fixed equivalence ratio on 
pyrolyzing biomass using continuous pyrolyzers. Kim et al. found that injection of small 
amounts of oxygen into a fluidized bed pyrolyzer actually increased yields of 
levoglucosan [20], which was attributed to partial oxidation of the lignin sheath [21], 
allowing levoglucosan to more readily escape before it decomposed. The first attempts to 
achieve autothermal operation in continuous pyrolyzers encountered unacceptably large 
declines in bio-oil yield, as much as 30-60%, as the result of admitting mixtures of 
nitrogen and oxygen. Milhé et al. attempted autothermal pyrolysis in a fixed bed reactor, 
which suffered from the presence of a combustion front where a significant fraction of 
volatile organic compounds was oxidized to water, carbon monoxide and carbon dioxide 
[22]. Although the well mixed condition of fluidized beds, eliminates this temperature 
stratification, early attempts to use them for autothermal pyrolysis encountered 
difficulties. In one case poor performance was due to large parasitic heat losses in the 
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small laboratory reactor used for the experiments [23], while other researchers operated 
their reactors at conditions with excessive combustion and unnecessarily high 
equivalence ratios of 0.25-0.76 [24] and 1.0-2.0 [25]. In another case it appears the use of 
a hot gas, ceramic filter in the freeboard of the fluidized bed inadvertently encouraged 
degradation of pyrolysis vapors before they could exit the reactor [26]. This design can 
incur confounding effects on bio-oil yields, especially since other researchers have found 
that retaining char in the reactor via a filter [27] can affect the vapor phase chemistry [28] 
and catalytically crack the pyrolysis vapors [29]. In addition to significant loss of bio-oil 
yield, previous attempts at autothermal pyrolysis failed to recognize the opportunity for 
process intensification by eliminating heat transfer from the process.  
Although fast pyrolysis has been identified as attractive technology for converting 
biomass in fuels, chemicals and power [30], it has struggled to meet commercial viability 
[31]. Among the challenges is the heat transfer bottleneck in providing the enthalpy for 
pyrolysis, especially as the reactor is scaled in size [32]. Autothermal pyrolysis has the 
potential to simplify reactor design and operation and intensify fast pyrolysis, improving 
the commercial prospects for pyrolysis. Our research has shown that it is possible to 
avoid problems encountered in previous attempts to operate a pyrolyzer autothermally. 
Further novelty of our work is the demonstration that autothermal operation allows 
several fold increases in processing rates for a reactor of given size, representing a 




Materials and Methods 
Materials 
All experiments were performed with Quercus rubra (red oak) wood chips dried 
to 10% or less moisture and reduced in particle size using a hammer mill with a 1/8-inch 
screen. The characteristic properties of the red oak biomass feedstock are presented in 
Table 3.1.  
 
Table 3.1. Properties of red oak biomass 
Proximate Analysis wt.% 
Moisture 6.57 
Volatile Matter 79.90 
Fixed Carbon 12.68 
Ash 0.86 






Energy Content MJ/kg 
Higher Heating Value 16.93 
Determined on a dry, ash-free basis (daf) 
*Calculated by difference 
 
Apparatus 
The experimental apparatus consisted of a modified version of the continuous 
Pyrolysis Process Development Unit (PPDU) previously described by Pollard et. al. [33] 
and Rover et al. [34] The PPDU, illustrated schematically in Figure 3.1, consisted of a 
two-stage auger feeder for the biomass feedstock, a bubbling fluidized bed reactor 
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(capable of operating with 100% nitrogen flow for conventional pyrolysis, 100% air flow 
for autothermal pyrolysis, or a mixture of the two gases for intermediate conditions), two 
cyclones for char collection, and a fractionating bio-oil collection system 
The first stage fraction (SF1) of the bio-oil collection system utilized a de-ionized 
(DI) water spray quench vessel designed to reduce the temperature of the pyrolysis 
product stream from 425 °C to 125 °C, which is above the dew point of water vapor in 
the stream. The DI water is delivered to the SF1 quench nozzle via a high-pressure 
syringe pump (Teledyne ISCO, 500D) and backed by a flow of nitrogen operating at 20 
standard liters per minute to ensure good atomization and evaporation at 125 °C. The 
syringe pump has a volumetric totalizer and the total amount of DI water used during 
steady state can be subtracted from mass balance data to obtain yields on a quench-free 
basis. The next stage fraction (SF2) employed a wet electrostatic precipitator (ESP) 
operating at 40 kV and 125 °C to capture and collect bio-oil aerosols. SF1 and SF2 
collected high boiling point compounds known as bio-oil heavy ends, mostly consisting 
of anhydrosugars and phenolic monomers and oligomers. The third stage fraction (SF3) 
utilized a shell-and-tube heat exchanger to further reduce the temperature of the product 
stream from 125 °C to 15 °C, allowing recovery of the remaining condensable 
compounds. The DI water from SF1 is condensed in SF3 along with the reaction water 
produced by conventional pyrolysis and autothermal pyrolysis. A stainless-steel wire 
mesh demister pad was installed for the fourth stage fraction (SF4) to impinge and collect 
bio-oil aerosols at 15 °C. The last stage fraction (SF5) utilized a wet ESP operating at 15 
kV and 15 °C to ensure any remaining bio-oil aerosols were collected. SF3, SF4, and SF5 
are referred to as bio-oil light ends consisting of water (reaction water, quench water, and 
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biomass-fed moisture) and other low molecular-weight oxygenated compounds such as 
furans, partially substituted phenolic monomers, aldehydes, ketones, and carboxylic 
acids. Each of the five stage fractions are collected individually from the system and 
analyzed separately. The bio-oil samples remain in a single phase since they are not 
recombined. Their weight averaged properties are reported on their respective mass 
distribution (heavy ends vs. light ends).  
 
Figure 3.1. Schematic of the Pyrolysis Process Development Unit (PPDU). SFi refers to 
stage fractions (i=1-5) to collect liquid pyrolysis products at different boiling point 
ranges. 
 
The non-condensable gases (NCG’s) exiting the fractional bio-oil collection 
system were continuously analyzed for nitrogen (N2), oxygen (O2), hydrogen (H2), 
helium (He), carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), ethane 
(C2H6), and ethylene (C2H4) using gas chromatography (Agilent Varian CP-4900 Micro-
GC model) and averaged over an experiment. The flow rate of non-condensable gases 
was determined by injecting a known mass flow rate of helium tracer gas into the 
fluidizing gas entering the pyrolyzer (Figure 3.2) and monitoring its concentration in the 
non-condensable gases.  
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All of the fluidized bed reactor sections were constructed from 316-grade 
stainless steel. The plenum chamber, 15.4 cm inner diameter by 30.5 cm tall, was capped 
by a drilled plate that distributed gas into the fluidized bed. The reactor section, 8.9 cm 
inner diameter by 31.1 cm tall, was filled with 1.6 kg of silica sand, 668 μm average 
particle size diameter, to a depth of 15.9 cm for operation as a fluidized bed. The 
freeboard section, 8.9 cm inner diameter by 51.9 cm tall, had a 3.8 cm pipe as an outlet 
for pyrolysis products. The plenum, reactor, and freeboard sections were individually 
heated using Watlow electric clam-shell ceramic heaters rated at 2.6 kW, 5.2 kW, and 4.0 
kW, respectively, and proportional-integral-derivative (PID) controllers to maintain and 
monitor reactor temperatures and thermal energy flows. In all experiments, the role of the 
plenum heater was to preheat the flow of fluidizing gas to the pyrolysis temperature. 
During conventional, nitrogen-blown pyrolysis, the reactor and freeboard heaters were 
used to overcome parasitic heat losses from the reactor to the surrounding environment, 
which can be significant in small-scale reactors, as well as provide the enthalpy for 
pyrolysis. During autothermal pyrolysis, in which the enthalpy for pyrolysis was 
provided by partial oxidation of pyrolysis products, reactor and freeboard heaters served 
only to overcome parasitic heat losses.  
The parasitic heat losses for the pyrolyzer were determined by operating the 
fluidized bed reactor at 500 °C with preheated nitrogen at the desired fluidization gas 
flow (115 L min-1) without feeding biomass. The electric power required to hold the 
fluidized bed at this temperature represents the parasitic heat losses for the reactor at the 
desired pyrolysis temperature of 500 °C. This power load represents the baseline power 
consumption for the heaters whether operating in conventional or autothermal pyrolysis, 
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allowing these small laboratory reactors to simulate the performance of much larger 
reactors, which approach adiabatic operation. Without countering parasitic heat losses in 
this manner, laboratory reactors would require operation at very high equivalence ratios 
of oxygen, leading to excessive consumption of pyrolysis products and poorly predicting 
the performance of commercial-scale pyrolyzers. 
 
 
Figure 3.2. Schematic of laboratory-scale fluidized bed pyrolyzer used in pyrolysis 
experiments. The in-line gas preheater (H) raises fluidizing gas of either nitrogen or air to 
pyrolysis temperature (500 °C) while the clam shell heaters around the plenum (P), bed 
(B), and freeboard (F) sections supplement parasitic heat losses. 
 
The next step was to determine the enthalpy for pyrolysis at 500 °C, defined as 
the energy required to pyrolyze biomass at this temperature, which includes the sensible 
energy to raise the biomass to the pyrolysis temperature but excludes the sensible energy 
to raise the temperature of the nitrogen fluidizing gas. This was determined by 
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continuously feeding biomass at a nominal feed rate of 5 kg h-1 into the reactor while 
maintaining the flow of nitrogen gas and allowing the automatic temperature controller to 
the ceramic heaters increase electric power enough to maintain reactor temperature at the 
prescribed 500 ºC operating point. The measured change in electric power (kJ s-1) divided 
by the biomass feed rate (kg s-1) equaled the enthalpy for pyrolysis.  
Finally, autothermal pyrolysis was established by gradually substituting air for the 
nitrogen gas used to fluidize the pyrolyzer until power to the guard heaters was regulated 
down to the original power level required to overcome parasitic heat losses at 500 °C. At 
this point, partial oxidation of reactants and products in the pyrolyzer completely 
provided the enthalpy for pyrolysis. The ratio of oxygen flow to biomass flow into the 
reactor was compared with the stoichiometric requirement for combustion of the biomass, 
which represents the equivalence ratio for the process. 
By removing the heat transfer bottleneck of pyrolysis, we hypothesized that 
autothermal pyrolysis would allow operation at much higher biomass feed rates than 
possible for conventional pyrolysis. Intensification of pyrolysis was achieved by 
increasing both biomass and air flow rates while holding constant the equivalence ratio 
and maintaining electric power to the clam shell heaters just high enough to overcome 
parasitic heat losses from the reactor. Autothermal pyrolysis is only meaningful if it can 
be achieved without significant loss of yield and quality of bio-oil product. Accordingly, 
comprehensive analyses of pyrolysis products (bio-oil, char, and non-condensable gases) 
were performed for both the conventional and autothermal operation of the pyrolyzer. 
Duplicate experimental runs were performed for each set of operating conditions, 
conventional and autothermal pyrolysis of red oak at 4.8 and 15.4 kg hr-1 feed rates, 
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respectively, while analysis of products were performed in triplicate. Error bars were 
generated using the standard deviation of the entire sample population. Yields of bio-oil 
fractions and char were determined gravimetrically from the cumulative mass of 
pyrolysis products compared to biomass consumed during an experiment. Non-
condensable gas yields were determined by measuring gas composition with a micro-GC 
(previously mentioned) and calculating mass flows at exit flow temperature for all gas 
species. Total mass closures were 92.6 wt% and 106.1 wt.% on a biomass basis for 
conventional and autothermal pyrolysis runs. By including air as reactant, which is 
responsible for increased carbon monoxide and carbon dioxide in the non-condensable 
gases, total mass closure for autothermal experiments decreased to 92.6 wt%, comparable 
to the results for conventional pyrolysis. 
 
Sample analyses and properties 
The moisture content of bio-oil was measured by Karl Fischer titration (Mettler 
Toledo V30S Compact Volumetric KF Titrator) in combination with an oven 
autosampler (Mettler Toledo InMotion KF Flex Oven Autosampler). Three blank sample 
vials were first prepared for every analytical run to help negate the effect of ambient 
humidity. Triplicate samples of bio-oil heavy ends were then prepared in a 10 mL vial 
using about 40-60 mg of oil dissolved in 1 mL of dry methanol (Hydranal). Sample 
preparation of bio-oil light ends differed by using 10-20 mg of oil in the absence of 
Hydranal solvent. All oil samples were capped and loaded onto the oven autosampler 
where the sample vials are individually heated to 120 °C to evaporate its water content. 
Dry air was the carrier gas used to transfer the water vapor to the titration vessel, and the 
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resulting solution was titrated using Hydranal 5-K composite titrant. The instrument 
reported the Karl Fischer (KF) moisture content of each sample on a weight percentage. 
Ultimate analyses to determine carbon, hydrogen, nitrogen, sulfur, and oxygen 
(by difference) content of the red oak biomass, char, and bio-oil were performed using an 
Elementar Analyzer (vario MICRO cube). Test samples were prepared by filling a tin 
capsule with approximately 5 mg of material, then subsequently sealed and loaded into 
the instrument’s auto-sampler. The instrument reported the carbon, hydrogen, nitrogen, 
and sulfur content of each sample on a weight percentage and then oxygen content was 
determined by difference on a dry, ash-free basis. 
Higher heating values for bio-oil and biochar were measured using a bomb 
calorimeter (Parr Instruments 6400 series) by loading approximately 0.25 g of sample 
into a steel cup and placed into the sample holder. The sample was ignited under 
pressurized oxygen conditions to undergo full combustion. The increase in water bath 
temperature was recorded to calculate the sample’s higher heating value (MJ kg-1). 
The heavy ends of bio-oil contain a large portion of sugars (including 
anhydrosugars) from the polysaccharide content of biomass, which are among the most 
valuable as well as fragile products of fast pyrolysis. Sugar yields were determined by 
hydrolyzing approximately 60 mg of heavy ends samples in 6 mL of 400 mM sulfuric 
acid at 125 °C for 44 min. This analysis employed an optimized method to extract and 
hydrolyze pyrolytic sugars from bio-oil reported by Bennett et. al. [35]. Once the samples 
were cooled to room temperature, a syringe was used to transfer and filter (0.45 μm glass 
microfiber filter) 1.5 mL of sample into a 2 mL vial. The sample underwent analysis and 
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quantification by High-Performance Liquid Chromatography (Dionex Ultimate 3000 
series HPLC) to determine resulting glucose, xylose, and sorbitol yields.  
The heavy ends also contained significant phenolic compounds derived from 
lignin in the biomass. To determine this phenolic content, a sample of heavy ends was 
mixed with a 1:1 mass ratio of de-ionized water, which extracted the majority of water-
soluble carbohydrate products [36]. The aqueous phase was decanted from the raffinate, 
which was a water-insoluble phenolic oil (PO). The PO raffinate was mixed with a 1:1 
mass ratio of toluene to extract phenolic monomers from toluene-insoluble phenolic 
oligomers. Finally, the remaining toluene-insoluble phenolic oligomers were dried in a 
vacuum oven at 40 °C for 72 hours to drive off any remaining residual moisture and 
toluene. The remaining mass was reported as insoluble-oligomers. 
 
Results and discussion 
Operating the pyrolyzer in an autothermal regime 
The temperature of the reactor and power consumption by the ceramic heaters are 
plotted vs. time in Figure 3.3 to illustrate several operational modes. Within 30 minutes 
of starting an experiment without biomass flow, the nitrogen-fluidized reactor reached the 
control point temperature of 500 °C with the guard heaters drawing 1.86 kW of 
electricity, which represents the baseline parasitic heat losses. Admitting 5 kg h-1 of 
biomass with conventional pyrolysis conditions caused electric power consumption to 
increase, reaching a steady state level that was 1.59 kW higher than the parasitic heat 
losses. Dividing this power by biomass flow rate gave an enthalpy for pyrolysis of 1.14 
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MJ kg-1 at 500 °C, which falls within the range measured by other researchers for woody 
biomass (0.70 MJ kg-1 – 1.75 MJ kg-1) [6, 37].  
To achieve autothermal processing of biomass, nitrogen was gradually replaced 
by air to allow for partial oxidation of the pyrolysis products. This exothermic energy 
release caused the electric power to the ceramic heaters to be reduced by the PID 
controller to prevent reactor temperature from exceeding 500 °C. Additional air was 
substituted for nitrogen in this manner until power to the clam shell heaters returned to 
the parasitic heat loss baseline, which represents autothermal operation. The flow rate of 
oxygen at this condition was compared to the stoichiometric oxygen requirement for the 
red oak used as feedstock to calculate the minimum equivalence ratio, approximately 
0.10, for autothermal pyrolysis. 
 
 
Figure 3.3. Reactor temperature and heater power during various operational modes of 
the pyrolyzer: (a) Operation at 500 °C in N2 without biomass to determine parasitic heat 
losses (gray shaded area); (b) Operation at 500 °C with biomass to determine enthalpy for 
conventional pyrolysis (red shaded area); (c) Operation at 500 °C in N2/air mixture with 




Hypothesizing that autothermal operation overcomes the heat transfer bottleneck 
of fast pyrolysis, we attempted to intensify the process by gradually increasing the feed 
rate of biomass into the reactor, while pyrolysis temperature was held constant at 500 °C 
and electric power to the clamshell heaters was held constant at the baseline to overcome 
parasitic heat loss. As biomass flow rate increased, the fraction of air in the fluidizing gas 
was increased (Figure 3.4) to supply the oxygen necessary to hold equivalence ratio 
constant. A maximum biomass flow rate of 15.4 kg h-1 was achieved when air had 
completely replaced nitrogen as fluidizing gas, a condition referred to as autothermal 
pyrolysis with process intensification (ATP/PI). The equivalence ratio required for 
ATP/PI in a simulated adiabatic laboratory reactor was only 0.1073, which is much lower 
than the 0.20-0.35 equivalence ratio required for autothermal operation of an adiabatic 
biomass gasifier [13]. The smaller equivalence ratio for autothermal pyrolysis is because 
ATP/PI operates far from chemical equilibrium, with relatively modest biomass 
decomposition during pyrolysis compared to the almost complete conversion of biomass 




Figure 3.4. Adjustments in fluidizing gas composition and biomass throughput to 
transition from conventional pyrolysis conditions to autothermal pyrolysis with process 
intensification (ATP/PI). 
 
Pyrolysis product distributions 
This dramatic increase in throughput has important implications to the field of fast 
pyrolysis but only if bio-oil yield and quality do not suffer during ATP/PI operation. 
Mass yields of char, bio-oil (heavy ends and light ends), and NCG’s under conventional 
and ATP/PI operation are compared in Figure 3.5. Total mass closures were 92.6% and 
106.1% (on a biomass basis) for conventional and ATP/PI runs, respectively (the ATP/PI 
runs had over 100% mass closure due to the incorporation of oxygen in the pyrolysis 
products). Mass closure of the ATP/PI runs reduces to 92.6% (on a total reactant basis) 
when the oxygen mass flow is considered. Mass balance comparisons depicted 
discernible shifts in pyrolysis product distributions. Yields of char and bio-oil heavy ends 
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for ATP/PI slightly decreased by 2.8 wt.% and 1.9 wt.%, respectively, compared to 
conventional pyrolysis. On the other hand, yields of bio-oil light ends and non-
condensable gases increased by 2.3% and 16.0%, respectively. The bio-oil light ends 
were the only pyrolysis product that did not exhibit a statistically significant difference. 
Clearly, char and bio-oil heavy end products are partially oxidized during ATP/PI to 
produce additional NCG’s. This would be expected for partial oxidation of carbonaceous 
pyrolytic products to form carbon oxides, CO and CO2. The small increase in yield of 
bio-oil light ends is thought to be due to an increase in reaction water as a result of partial 
oxidation of hydrogen in pyrolysis products. 
 
 
Figure 3.5. Comparison of pyrolysis product distributions from conventional pyrolysis 
and autothermal pyrolysis with process intensification (ATP/PI). Product yields (wt.%) 





Although there are slight decreases in char and bio-oil heavy ends yields, the 
dramatic increase in processing throughput associated with ATP/PI operating conditions 
allows for process intensification in the production of major pyrolysis products. As 
shown in the Sankey Chart of Figure 3.6a, autothermal processing made possible a three-
fold increase in feedstock throughput for this 8.9 cm dia. reactor, resulting in a three-fold 
increase in heavy ends, 3.4-fold increase in light ends, and a 2.5-fold increase in biochar 
compared to conventional operation. For both operating conditions, there is a small 
percentage of unaccounted products that are not captured by mass balance data. Figure 
3.6b depicts the energy flows of reactants and products during conventional pyrolysis and 
ATP/PI operating conditions. This analysis indicates similar results to Figure 3.6a since 
mass and energy flows are heavily dependent on biomass throughput. For both 
conventional and ATP/PI conditions, the bio-oil heavy ends contained the largest amount 
of recovered energy from the starting biomass at 41.3% and 39.0% respectively. There 
were slight decreases in energy yields of bio-oil light ends and biochar which contribute 
to the energy lost via oxidative conditions to provide process heating within the reactor. 
The ability to produce bio-oil heavy ends at an increased rate without dramatic losses in 






Figure 3.6. (a) Comparison of biomass processing throughput (kg hr-1) when operating 
the PPDU with conventional pyrolysis and autothermal pyrolysis with process 
intensification (ATP/PI). Product yields (wt.%) are calculated on a biomass basis. (b) 
Comparison of reactant and product energy flows (MJ hr-1) when operating the PPDU 
with conventional pyrolysis and autothermal pyrolysis with process intensification. 
Product energy yields (%) are calculated on a biomass input energy basis. 
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Mass yield data were converted to carbon yields in Figure 3.7. Carbon yield of 
heavy ends decreased by 3.0 wt.% (a relative change of only -8.0%) whereas carbon yield 
for light ends decreased by 5.1 wt.% (a relative change of -21.3%). This suggests that 
ATP/PI preferentially consumed carbon from bio-oil light ends compared to bio-oil 
heavy ends. ATP/PI decreased carbon yield of biochar by 4.9 wt.%, representing a large 
relative change of -25.0%. Since char is a relatively low value product compared to the 
heavy ends, its role as a major source of energy in autothermal pyrolysis is fortuitous. In 
contrast to the decrease in yields of char, heavy ends, and light ends, the yield of non-
condensable gases dramatically increased by 10.8 wt.% (a relative change of +84.2%). 
Considering that partial oxidation of char and bio-oil will produce carbon oxides, the 
increase in NCG’s is not surprising. 
 
 
Figure 3.7. Comparison of carbon balances for conventional pyrolysis and autothermal 
pyrolysis with process intensification (ATP/PI). Carbon yields (wt.%) are calculated on a 
biomass carbon basis. 
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Comparison of bio-oil properties 
Table 3.2 reports the ultimate analysis, moisture content, and higher heating value 
of whole and fractional bio-oil (heavy ends and light ends) produced under conventional 
pyrolysis and ATP/PI. Not surprising, the oxygen content of the bio-oil increases under 
the oxidative conditions of ATP/PI although it is a relatively modest 8.1% increase. Most 
of this increase is attributable to the light ends, with oxygen content increasing 11.4% 
compared to increasing only 2.8% for the heavy ends. 
The presence of partial oxidation reactions in ATP/PI operating conditions means 
there is potential for additional water to be produced as a co-product. The bio-oil heavy 
ends and light ends’ moisture content was measured by Karl Fischer (KF) titration and 
presented in Table 3.2. For both conventional pyrolysis and ATP/PI operating conditions, 
the bio-oil heavy ends contained very little water around 6.3 wt.%. Due to the design of 
the fractional bio-oil collection system, most of the pyrolysis reaction water was collected 
in the bio-oil light ends. There is a distinct increase in the amount of water collected in 
ATP/PI bio-oil light ends compared to conventional pyrolysis, 45.11 wt.% vs. 20.18 
wt.%, respectively. This appears to be evidence of additional formation of reaction water 
due to the partial oxidation reactions that occur in ATP/PI operating conditions. The 
distinct presence of water in ATP/PI bio-oil light ends also supports the increase in mass 
yields previously seen in Figure 3.5. Comparing the total moisture content of both 
conventional and ATP/PI bio-oils, the latter has roughly twice as much water. As a result 
of the increased water and simultaneous decreased carbon in ATP/PI bio-oil light ends, 
the higher heating value (HHV) decreases as well. This effect can also be seen in the 
ATP/PI total bio-oil HHV (Table 3.2). 
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Table 3.2 also contains a comparison of bio-oil produced in our study to the 
whole bio-oil produced from a conical spouted bed reactor reported by Amutio et. al. 
[38]. Their reactor operated autothermally at slightly higher equivalence ratios, 0.15 and 
0.25, and produced a bio-oil with higher yields than the present study (68.9–75.3% vs. 
64.4–64.8% respectively). The bio-oil from both studies have comparable amounts of 
carbon and oxygen but the bio-oil produced by Amutio et. al. has slightly higher amounts 
of hydrogen and less nitrogen. The higher bio-oil yields are probably due to its much 
higher moisture content (36.7–50.3%) and may be due to the differences in reactor design 
and oil collection systems. As a result of higher moisture content, the HHV of whole bio-
oil produced by Amutio et. al. is considerably lower than the HHV of whole bio-oil 























Carbon Hydrogen Nitrogen Sulfur Oxygen* 
Whole 
Bio-Oil 
Conventional 64.4 43.71 3.62 0.98 0.01 51.67 13.10 17.90 
ATP/PI 64.8 37.74 4.25 0.67 0.01 57.34 26.88 15.31 
Heavy 
Ends 
Conventional 30.1 56.99 5.21 0.63 0.01 37.15 6.34 23.24 
ATP/PI 28.2 56.02 5.11 0.65 0.02 38.20 6.35 23.50 
Light 
Ends 
Conventional 34.3 32.05 2.39 1.29 0.01 64.25 20.18 13.20 




Conventional 75.3 41.7 8.1 0.2 --- 50.0 36.7 14.6 
Autothermal (ER-15) 71.1 37.6 8.4 0.3 --- 53.6 44.9 11.9 
Autothermal (ER-25) 68.9 33.3 8.8 0.3 --- 57.6 50.3 9.5 
*Calculated by difference 
(ER) denotes equivalence ratio 
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Liquid-liquid extractions were used to separate the bio-oil heavy ends into three 
distinct fractions: water-soluble (pyrolytic sugars and light, phenolic species), toluene-
soluble (phenolic monomers), and toluene-insoluble (phenolic oligomers) (see Figure 
3.8). The largest fraction of bio-oil heavy ends was toluene-insoluble oligomers for both 
conventional pyrolysis and ATP/PI operating conditions. The yield of the toluene-soluble 
fraction of bio-oil heavy ends decreased 1.7 wt.% (40.5% relative change) as a result of 
autothermal operation of the pyrolyzer while the water-soluble pyrolytic sugars decreased 
by 1.3 wt.% (19.7% relative change). This suggests that the mass yield decrease of bio-oil 
heavy ends (as seen previously in Figure 3.5) was mainly due to the loss of toluene-
soluble phenolic monomers and water-soluble pyrolytic sugars during ATP/PI operation. 
It also suggests that the resiliency of toluene-insoluble phenolic oligomers during ATP/PI 
operation might explain why the carbon yield of bio-oil heavy ends decreased the least 
compared to the other pyrolysis products (as apparent in Figure 3.7).  
The decreased yields of water-soluble pyrolytic sugars and toluene-soluble 
phenolic monomers from biomass appear to be unfavorable, but when accounting for 
biomass throughput, the production rates of both pyrolytic sugars and phenolic monomers 
increased along with phenolic oligomers (Figure 3.9). The mass flow rate of water-
soluble pyrolytic sugars increased from 0.32 kg h-1 to 0.82 kg h-1 (a relative change of 
+157.6%) from conventional pyrolysis to ATP/PI conditions. The mass flow rate of 
toluene-soluble phenolic monomers nearly doubled from 0.20 kg h-1 to 0.39 kg h-1 (a 
relative change of +91.0%) from conventional pyrolysis to ATP/PI conditions. The 
toluene-insoluble phenolic oligomers exhibited the largest increase in mass flow rate 
from 0.95 kg h-1 to 3.13 kg h-1 (a relative change of +228.9%) during conventional 
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pyrolysis to ATP/PI operating conditions. The dramatically increased production rates of 
all three product groups from bio-oil heavy ends appears to minimize the disadvantages 
of decreased yields and make the process more attractive. 
 
 
Figure 3.8. Comparison of liquid-liquid extractions of bio-oil heavy ends from 
conventional pyrolysis and autothermal pyrolysis with process intensification (ATP/PI). 






Figure 3.9. Comparison of production rates (kg h-1) of various compounds from bio-oil 
heavy ends from conventional pyrolysis and autothermal pyrolysis with process 
intensification (ATP/PI). 
 
Comparison of pyrolysis co-products 
Among the pyrolysis products, char exhibited the largest decrease in carbon yield 
(Figure 3.7). Proximate analyses were conducted to explore differences in properties of 
char produced by conventional pyrolysis and ATP/PI (Figure 3.10). The chars had similar 
moisture and ash content, but ATP/PI char contained less volatile matter and fixed 
carbon. This suggests that volatile matter and fixed carbon are both consumed under 
ATP/PI operating conditions and decreases the overall char yield. Table 3.3 includes the 
ultimate and bomb calorimeter analyses of conventional and ATP/PI biochar. The chars 
contained similar amounts of hydrogen, nitrogen and sulfur, but ATP/PI char contained 
less carbon and more oxygen. Taken together, proximate and ultimate analyses indicate 
that char is significantly oxidized, consuming carbon to produce carbon oxide gases and 
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leaving behind oxygen in the char, presumably as aldehyde and carboxylic acid 
functionalities. The increase in oxygen content of the char as the result of partial 
oxidation has been observed in similar processes such as production of activated carbon 
[39]. The chars’ higher heating values are both approximately 26.6 MJ kg-1 and appear to 
be unaffected by pyrolysis conditions. This may be due to the chars’ similar percentage 
of volatile matter and fixed carbon, approximately 24 and 64 wt.% on a biochar basis 
respectively (Figure 3.10). 
 
 
Figure 3.10. Comparison of biochar properties produced from conventional pyrolysis and 
autothermal pyrolysis with process intensification (ATP/PI). The char’s moisture, volatile 
matter, fixed carbon, and ash content (wt.%) are calculated on a biomass basis and 
reported on a biochar basis in data label brackets [%]. 
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Table 3.3. Comparison of biochar properties 
Pyrolysis Conditions Conventional ATP/PI 
Ultimate Analysis wt.% (daf) 
Carbon 80.50 78.66 
Hydrogen 2.85 2.49 
Nitrogen 0.35 0.35 
Sulfur 0.02 0.02 
Oxygen* 16.28 18.47 
Energy Content MJ/kg 
Higher Heating Value 26.60 26.58 
Determined on a dry, ash-free biochar basis (daf) 
*Calculated by difference 
 
The comparison of carbon balances indicated a large increase in carbon yield of 
NCG’s (Figure 3.7) resulting from the partial oxidation of pyrolysis products during 
ATP/PI operation. The NCG’s exiting the pyrolysis system were analyzed by Micro-GC 
to measure its gas composition. The gases’ volumetric concentrations were converted to 
mass yields on a biomass basis and compared in Figure 3.11. The two most abundant 
gases, CO2 and CO, accounted for 90 wt.% and 95 wt.% of the total NCG’s for 
conventional pyrolysis and ATP/PI operation respectively. The CO2 and CO gas yields 
also drastically increased from conventional pyrolysis to ATP/PI conditions. The CO2 gas 
yield increased by 11.6 wt.% (a relative change of +135.6%) while the CO gas yield 
increased by 3.6 wt.% (a relative change of +52.9%). CO2 and CO are the presumed end-
products largely resulting from the partial oxidation of biochar and bio-oil in favor of 
process heat, which occurs during autothermal processing. A small amount of methane 
(0.8 wt.%) was present in the conventional pyrolysis NCG’s but decreased by 0.3 wt.% (a 
relative change of -37.5%) during ATP/PI conditions. Other light gases, ethane and 
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ethylene (“Other” in Figure 3.11), comprised the remainder of conventional pyrolysis 
NCG’s at 0.9 wt.% and decreased by 0.2 wt.% (a relative change of -22.2%) during 
ATP/PI conditions. This suggests that a small amount of methane and other light gases 
(or their decomposition precursors) may also be consumed via partial oxidative reactions 
in favor of process heat during autothermal processing. 
 
 
Figure 3.11. Comparison of non-condensable gases (NCG’s) produced during 
conventional pyrolysis and autothermal pyrolysis with process intensification (ATP/PI). 
Gas yields (wt.%) are calculated on a biomass basis. 
 
Conclusions 
Although oxygen is traditionally excluded from fast pyrolysis reactors, this 
research demonstrates that a small amount of oxygen in the form of air at equivalence 
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ratios as low as 10% can overcome the heat transfer bottleneck of fast pyrolysis without 
significantly reducing bio-oil yield. Instead of externally transferring heat into the 
reactor, partial oxidation of pyrolysis products releases sufficient thermal energy to 
supply the enthalpy for pyrolysis, making this an autothermal process. Unlike 
autothermal gasification of carbonaceous solids or autothermal reforming of natural gas, 
autothermal fast pyrolysis operates far from chemical equilibrium, producing bio-oil with 
yield comparable to conventional (non-oxidative) pyrolysis. Despite some loss of 
pyrolytic sugars and phenolic monomers, gains in process intensification increases 
production rates of these product streams almost three-fold compared to conventional 
pyrolysis in the same reactor. Autothermal operation of a fluidized bed pyrolyzer also has 
an advantage in its simplicity and scalability for process heating compared to 
conventional pyrolysis systems. The nature of the partial oxidation reactions that support 
autothermal pyrolysis are not fully understood, requiring further research to illuminate 
the important oxidation mechanisms.  
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Abstract 
 The high ash content of agricultural residues and other kinds of herbaceous 
biomass makes it a challenging feedstock for fast pyrolysis to bio-oil. Using corn stover 
as a representative feedstock, this study investigates fast pyrolysis of high ash, 
herbaceous biomass in a pilot-scale fluidized bed reactor using both conventional, 
nitrogen-blown and autothermal, air-blown operation. Initial efforts to pyrolyze corn 
stover were challenged by bed fouling, which prevented steady reactor operation. 
Substitution of coarser bed material allowed operation at higher superficial velocities, 
which promoted attrition and elutriation of recalcitrant biochar particles from the reactor. 
This resulted in dramatic improvement in stable reactor operation for both conventional 
and autothermal pyrolysis with bio-oil yields among the highest reported for pyrolysis of 
corn stover. The oxygen-to-biomass equivalence ratio required for autothermal operation 
was 6.8%. Autothermal operation also resulted in significant process intensification, 
increasing corn stover throughput from 7.8 kg hr-1 to 21.9 kg hr-1 for this 8.9 cm diameter 
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reactor. Air-blown, autothermal operation did not significantly reduce bio-oil yield 
despite the presence of partial oxidation reactions. Carbon balances indicate carbon yields 
of biochar and aqueous, bio-oil light ends decreased by 18.5% and 4.7%, respectively, 
during autothermal pyrolysis compared to conventional pyrolysis while the more 
valuable, organic-rich heavy ends of the bio-oil were essentially preserved.  
 
Introduction 
 Corn stover has significant potential as lignocellulosic feedstock across the 
Midwestern region of the United States. The Billion Ton Report released by the U.S. 
Department of Energy in 2016 estimated that 215 million tons of corn stover could be 
harvested sustainably in 2017 [1], significantly more than any other individual biomass 
resource. In comparison, the same report estimated only 130 million tons of forest 
biomass and wood wastes would be available in 2017 [1]. The supply of corn stover is 
estimated to grow to 364 million tons by 2040 [1], representing significant potential for 
bioenergy applications if it can be utilized in a cost-effective manner [2]. 
 Corn stover has been extensively studied as feedstock for biochemical and 
thermochemical conversion processes [3-10]. The properties of corn stover are highly 
variable [11], which complicates its use in production of biofuels and biobased products 
[12,13]. Kazi et. al. [3] investigated the economics of converting corn stover to ethanol 
via dilute-acid pretreatment and enzymatic hydrolysis. They reported a pioneer 
commercial plant would be able to produce ethanol at $2.30/liter of gasoline equivalent 
(LGE) while an nth plant could reduce ethanol production costs to $1.36/LGE. High 
enzyme costs have limited commercial progress of this technology even with recent 
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technological advancements. Johnson [14] reviewed onsite/offsite (glucose-fed), and 
integrated (cellulose-fed) enzyme production methods and discovered that the integrated 
method operating at the ethanol plant could further reduce cellulosic ethanol production 
costs to $0.94/LGE. 
 Thermochemical processing has prospects for improving the economics of 
advanced biofuels. Wright et. al. [15] investigated the cost of transportation fuels via fast 
pyrolysis of corn stover, reporting that a first-of-a-kind commercial plant could produce 
naptha-range and diesel-range fuels at $0.90/LGE while an nth plant could further reduce 
costs to $0.56/LGE. Despite these relatively attractive economics, advanced biofuels via 
fast pyrolysis have yet to achieve commercial production due to a variety of technical 
challenges [16,17]. 
 Among these challenges are process upsets and poor quality of liquid product 
arising from the variability of corn stover properties. A prominent example of this 
variability is ash content. Often occurring at concentrations an order of magnitude higher 
than woody biomass [18], Bonner et. al. [19] found that corn stover ash can vary 
substantially (5.0 to 27.0 wt.%) among feedstock supplies depending on cultivation and 
harvest practices. The impact of ash on economics of pyrolysis is evident from a study by 
Li et. al. [20]. They reported that biomass ash content ranging from 0.3 to 7.7 wt.% can 
effectively reduce biofuel yields from 330.5 to 154.1 liters per tonne and increase the 
minimum fuel selling price from $0.74/liter to $1.24/liter. Brown et. al. [21] in a study of 
the profitability of slow pyrolysis and fast pyrolysis determined that the goal of a 
pyrolysis plant should be to maximize bio-oil yields rather than biochar yields to achieve 
the highest internal rate of return. Thus, efforts to develop corn stover and other kinds of 
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herbaceous biomass as feedstock for bio-oil production should focus on reducing the 
deleterious effects of ash on bio-oil yield. Corn stover as feedstock has been the subject 
of several fast pyrolysis studies [22-31]. Typical bio-oil and biochar yields were 
approximately 50 wt.% and 30 wt.%, respectively. These yields from pyrolysis of corn 
stover are in sharp contrast to much higher bio-oil yields and much lower biochar yields 
for pyrolysis of woody biomass [32,33]. 
 The goal of this research is to improve the prospects for corn stover and other 
high-ash, herbaceous biomass serving as feedstock in the production of bio-oil. The study 
employs a fluidized bed pyrolyzer operated in two modes. For conventional pyrolysis, the 
reactor is fluidized with nitrogen and electrically heated. For autothermal pyrolysis, the 
reactor is fluidized with air and the thermal energy required for pyrolysis is supplied 
through partial oxidation of some of the products of pyrolysis. To encourage attrition and 
elutriation of biochar particles, the reactor was operated at higher superficial velocities 
than typically employed for pyrolysis of woody biomass, made possible by using larger 
sand particles as bed media. Furthermore, the shorter residence times associated with 
higher gas velocities reduced secondary degradation reactions of pyrolytic vapors, which 
are known to reduce bio-oil yield and quality.  
 
Materials and methods 
Feedstock preparation 
 Zea mays (corn stover) biomass was collected using multi-pass harvesting [34], in 
which the stover was baled from the field into large square bales after the corn grain was 
harvested. Bales were stored in stacks that were tarped for an initial self-drying period 
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before being moved indoors where the bales further dried. Several bales of corn stover 
were directly milled to the final particle size (less than 3.175 mm) using a stationary 
hammermill (Art’s Way, Model 430) by manually feeding bale layers into the mill, 
discarding any degraded sections or debris. The properties of the corn stover biomass 
used in this study are presented in Table 4.1. 
 
Table 4.1. Properties of corn stover biomass 
Proximate Analysis wt.% (as received) 
Moisture 6.13 
Volatile Matter 68.77 
Fixed Carbon 15.44 
Ash 9.65 






Determined on a dry, ash-free basis (daf) 
*Calculated by difference 
 
Experimental Apparatus 
 The fluidized bed pyrolyzer used in these experiments is an updated version of the 
Pyrolysis Process Development Unit (PPDU) used in previous pyrolysis studies [35,36]. 
Improvements include modification of the pyrolysis reactor to permit both conventional 
and autothermal operation [37] and installation of a direct contact heat exchanger to 
quench bio-oil heavy ends [38]. 
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 Figure 4.1 provides an overview of the experimental apparatus. Corn stover was 
fed from a bin through an injection auger into the base of the fluidized bed pyrolyzer at a 
rate of 8 to 22 kg hr-1. The reactor was loaded with 1.6 kg of -30+50 mesh silica sand bed 
media and a small amount of sand (75 to 100 g hr-1) was also fed into the reactor to make 
up for sand lost via elutriation. The fluidized bed reactor can be fluidized with nitrogen, 
air, or a mixture of nitrogen and air. Biochar generated during fast pyrolysis was 
collected via a pair of cyclones ahead of bio-oil recovery. 
 
 
Figure 4.1. Schematic of the Pyrolysis Process Development Unit (PPDU). ESP = 
Electrostatic Precipitator. 
 
 Bio-oil was collected using a fractional bio-oil collection system to condense and 
separate heavy molecular weight species from water and lighter bio-oil compounds. The 
first stage fraction was recovered in a quench tower in which de-ionized (DI) water was 
sprayed through a nozzle into the pyrolysis vapor stream controlled to reduce the 
temperature from 425 °C to 125 °C. The DI water was delivered to the nozzle via a high-

























pressure syringe pump (Teledyne ISCO, 500D) and backed by nitrogen flow operating at 
20 standard liters per minute (SLPM) to ensure good atomization and evaporation at 125 
°C. The DI water was subsequently recovered with the light ends of the bio-oil. The total 
amount of DI water used during steady state operation was subtracted from the water 
content of the light ends to report bio-oil mass yields on a quench-free basis. The second 
stage fraction was a wet electrostatic precipitator (ESP) operated at 125 °C and a field 
voltage of 40 kV with the goal of collecting bio-oil aerosols. The third stage fraction was 
a shell-and-tube heat exchanger that reduced the product stream temperature to 15 °C 
with the goal of condensing water and the majority of low molecular weight vapors as an 
aqueous stream. The fourth and fifth stage fractions collected aerosols remaining in the 
gas stream using a stainless-steel wire mesh demister pad and a wet-ESP operating at 15 
kV in series. The remaining product stream, which was essentially non-condensable 
gases (NCG), was sampled using a gas chromatograph (Agilent Varian CP-4900 Micro-
GC model) while the balance of the gas stream was sent to a flare stack for emissions 
control. The flow rate of NCG was determined by injecting a known mass flow rate of 
helium tracer gas into the fluidizing gas entering the pyrolyzer and monitoring its 
concentration in the NCG. The NCG exiting the fractional bio-oil collection system were 
continuously analyzed for nitrogen (N2), oxygen (O2), hydrogen (H2), helium (He), 
carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), ethane (C2H6), and 
ethylene (C2H4) and measured on a volumetric basis. These gas compounds were 
reported on a mass percentage (biomass basis). 
 Parasitic heat losses for the pyrolyzer were measured at the start of every PPDU 
experiment by operating the fluidized bed reactor at 500 °C with preheated nitrogen at the 
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fluidization gas flow (115 SLPM) without feeding biomass. The electric power needed 
for the clam-shell electric heaters to maintain this reactor temperature represents parasitic 
heat losses for both conventional (inert) or autothermal (oxidative) pyrolysis. This 
allowed the pilot-scale system to simulate the performance of much larger reactors that 
approach adiabatic operation. For conventional pyrolysis experiments, the heater’s 
electric power consumption was increased upon feeding of biomass to supply the 
enthalpy for pyrolysis. During autothermal pyrolysis experiments, the enthalpy for 
pyrolysis was provided by partial oxidation of pyrolysis products, made possible by 
admitting air into the reactor. Air flow was increased to reduce the power consumption of 
the electric heaters back down to the baseline [37]. At this point, the autothermal 
equivalence ratio was measured to be 6.8% (Eq. 1). It was discovered that much larger 
flow rates of biomass could be sustained during autothermal pyrolysis compared to 
conventional pyrolysis when the fluidizing air to the reactor was maximized with 100% 
air. Maximum feed rate achieved during autothermal pyrolysis was 21.9 kg hr-1 requiring 
115 SLPM of air to operate an equivalence ratio of 6.8%. 
	
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 (Eq. 1) 
 
Analysis of pyrolysis products  
 Bio-oil samples from the first two stage fractions are collectively referred to as 
the heavy ends. The properties of these two stage fractions were analyzed individually 
and weight averaged to provide properties for the heavy ends. Samples from the next 
three stage fractions were combined to produce the light ends of the bio-oil, which was 
analyzed as the aqueous fraction bio-oil, reported on a quench water-free basis. 
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 The moisture content of samples was measured by Karl Fischer titration (Mettler 
Toledo V30S Compact Volumetric KF Titrator) in combination with an oven 
autosampler (Mettler Toledo InMotion KF Flex Oven Autosampler). Three blank 10 mL 
sample vials were prepared for every analytical run to negate any effects of ambient 
humidity. Triplicate samples of bio-oil heavy ends were prepared using about 40-60 mg 
of oil dissolved in 1 mL of dry methanol (Hydranal). Sample preparation of bio-oil light 
ends differed by using 10-20 mg of oil without Hydranal solvent. All oil samples were 
capped and loaded onto the oven autosampler where the sample vials were individually 
heated to 120 °C to evaporate water. The carrier gas used to transfer the water vapor to 
the titration vessel was dry air. The resulting solution was titrated using Hydranal 5-K 
composite titrant. The instrument reported the Karl Fischer (KF) moisture content of each 
sample on a weight percentage. 
 Ultimate analyses to determine carbon, hydrogen, nitrogen, sulfur, and oxygen 
(by difference) composition of the corn stover, biochar, and bio-oil fractions were 
performed using an Elementar Analyzer (vario MICRO cube). Triplicate samples were 
prepared using about 5 mg of bio-oil or biochar loaded into tin capsules. These were then 
sealed and placed onto the instrument’s auto-sampler. The instrument reported carbon, 
hydrogen, nitrogen, and sulfur content of each sample on a weight percentage with 
oxygen determined by difference on a dry, ash-free basis. 
 Proximate analyses to determine the moisture, volatile matter, fixed carbon, and 
ash mineral content of the corn stover biomass and biochar were performed using 
thermo-gravimetric analysis (Mettler Toledo TGA/DSC1 STAR System). Triplicate 
samples were prepared using about 20 mg of feedstock or biochar loaded into ceramic 
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crucibles and placed in the instrument’s auto-sampler. The samples underwent heating in 
an inert nitrogen atmosphere at 105 °C for 48 minutes to drive off moisture. Sample 
weight was recorded followed by a second heating phase to 950 °C in a nitrogen 
atmosphere for 100 minutes to drive off any volatile matter. The sample weight was 
recorded, and the gas flow switched from nitrogen to an air and the samples held at 950 
°C for 30 minutes to burn off any fixed carbon from the sample. The final weight of the 
sample was recorded. The residue was assumed to be ash. 
 
Results and discussion 
Unsteady reactor operation during pyrolysis of high-ash biomass 
 Our first attempts to pyrolyze corn stover were unsuccessful due to unsteady 
reactor operation for both conventional and autothermal pyrolysis. In the case of 
conventional pyrolysis, reactor temperatures eventually stratified and erratically 
decreased with time (Figure 4.2a). Autothermal pyrolysis also experienced stratified 
temperatures, but temperatures erratically increased over time (Figure 4.2b). Significant 
deposits of sand, ash and biochar were found in the bed in both cases (Figure 4.2c), the 
build-up of which caused the eventual unsteady bed operation. We hypothesized that 
accumulation of recalcitrant biochar in the bed was responsible for unsteady reactor 
operation. For conventional pyrolysis, the accumulation of high insulating biochar in the 
bed in combination with poor mixing of solids prevented effective heat transfer between 
the hot wall of the reactor and bed media, causing reactor temperatures to decrease. For 
autothermal pyrolysis, poor mixing prevented heat released from partial combustion of 
accumulating biochar to be transferred to pyrolyzing biomass causing reactor 
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temperatures to increase. The accumulation of biochar from pyrolysis of corn stover was 
hypothesized to be more recalcitrant and denser than biochar from pyrolysis of wood, 




Figure 4.2. Unsteady reactor operation during pyrolysis of corn stover. (a) Conventional 
pyrolysis using nitrogen as fluidizing gas; (b) autothermal pyrolysis using nitrogen and 
air as fluidizing gas; (c) photo of bed deposit in reactor after vacuuming out 
unconsolidated bed material formed during a conventional pyrolysis experiment that 
failed to achieve steady state operation. 
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Overcoming fouling during corn stover pyrolysis 
 To overcome biochar accumulation in the pyrolysis reactor, higher superficial gas 
velocities were employed with the goal of promoting more aggressive attrition and 
elutriation of biochar. To avoid elutriation of silica sand bed media at these higher 
velocities, the -30+50 mesh sand usually employed for pyrolysis of woody biomass was 
replaced by -16+30 mesh sand, which increased the average particle size from 417 μm to 
741 μm (Figure 4.3a). This new particle size distribution increased the minimum 
fluidization velocity (Umf) from 2.2 cm s-1 to 5.9 cm s-1 (Figure 4.3b). This change in 
reactor operation had two effects: (1) more aggressive biochar particle attrition 
accelerated the physical breakdown of biochar particles; and (2) the rate of biochar 
elutriation increased, decreasing biochar loading in the bed. In addition to improving heat 
transfer and solids mixing in the reactor, the high volumetric flow rate of gas was 
expected to reduce the time for secondary reactions in the freeboard, which can 
negatively impact bio-oil yield and quality. 
 
 
Figure 4.3. Differences in silica sand bed media. (a) Particle size distributions for two 





 The PPDU fluidized bed was loaded with 1600 g of the larger -16+30 silica sand 
and operated under conventional pyrolysis conditions with a constant biomass feed rate 
of 7 kg hr-1. The superficial gas velocity (U) was increased to 40, 60, and 80 cm s-1, 
which corresponds to U/Umf of 6.8, 10.2 and 13.6, respectively (Table 4.2). To determine 
steady state biochar loading in the bed, differential pressure across the reactor, which is 
proportional to the weight of the bed, was monitored with time. As shown in  
Figure 4.4a, this pressure differential initially increased with time as accumulating 
biochar added to the weight of the bed. Eventually the differential pressure became 
constant, indicating a steady state loading of biochar in the bed. At this point gas flow to 
the reactor was shut off and the defluidized bed cooled to room temperature. From  
Figure 4.4a it is clear that the time to reach steady state decreased as gas velocity 
increased, as would be expected with the more aggressive attrition and elutriation rates 
accompanying increasing gas velocity. After a test, the mixture of sand and biochar was 
removed from the reactor and burned in a muffle furnace at 550 °C for 24 hours to 
determine biochar loading from mass loss.  
Figure 4.4b illustrates the mass fractions of sand and biochar as a function of superficial 
gas velocity used in the experiments. Biochar mass loading dramatically decreased as 
superficial gas velocity increased. Clearly, higher fluidization velocities were effective in 
promoting attrition and elutriation of biochar, which prevented its eventual accumulation 




Table 4.2. Differences in reactor fluidization. 
Sand Mesh Size 







-30+50 417 2.2 27 12.4 






Figure 4.4c illustrates, as the superficial gas velocity increased, temperatures in the 
fluidized bed converged toward an average temperature of about 505 °C. For superficial 
gas velocity of 80 cm s-1, reactor operation was stable throughout the several hours of 
testing ( 
Figure 4.4d) compared to only a couple of hours in the original attempts to pyrolyze corn 






Figure 4.4. Improvements to fluidization conditions to allow for steady reactor operation. (a) Reactor differential pressure 
measurements across the fluidized bed versus biomass feed time on stream while operating at varying superficial gas velocities (cm s-
1); (b) Comparison of fluidized bed mass components, biochar and sand, versus increasing superficial gas velocity; (c) Temperature 
distributions within the fluidized bed reactor versus increasing superficial gas velocity of the fluidizing gas; (d) Stable operation of the 




 After the reactor operation was updated with +16-30 bed media and a fluidizing 
gas velocity of 80 cm s-1, duplicate tests of conventional and autothermal pyrolysis 
experiments were performed. Mass yields of biochar, bio-oil (heavy ends, light ends, and 
total), and NCG produced under conventional and autothermal operation are compared in 
Figure 4.5. Total mass closure measured with respect to biomass entering the process 
were 99.7 wt.% and 108.7 wt.% for conventional pyrolysis and autothermal pyrolysis, 
respectively. The greater than 100% mass closures for autothermal operation arises from 
partial oxidation, which results in oxygen being incorporated into the pyrolysis vapors as 
well as appearing as carbon oxides in the non-condensable gases. Subtracting this oxygen 
mass flow from the pyrolysis products reduces the mass closure based on biomass input 
to 99.8 wt.%. Comparing mass balances for conventional and autothermal pyrolysis, 
biochar decreased slightly by 2.0 wt.% (statistically significant) while the heavy ends and 
light ends had no statistically significant yield changes. On the other hand, NCG 
increased by 10.2 wt.%, representing the production of carbon oxides during autothermal 
pyrolysis. This inverse correlation between biochar and gas yield is well known for 
partial oxidative pyrolysis [37,39] and indicates that much of the enthalpy for pyrolysis 





Figure 4.5. Comparison of mass balances for conventional and autothermal pyrolysis of 
corn stover. Product yields (wt.%) are calculated on a biomass basis. 
 
 We compare our results with previous studies [22-31] of corn stover pyrolysis in 
Figure 4.6. Since these previous studies employed conventional pyrolysis and reported 
pyrolysis liquids as an unfractionated bio-oil, we report the sum of heavy ends and light 
ends for our tests as unfractionated bio-oil. Whereas most previous studies yielded less 
than 50 wt.% bio-oil, our experiments achieved 60 wt.% bio-oil. Furthermore, we only 
produced 20 wt.% biochar compared to an average of 28 wt.% in previous studies. The 
yield of non-condensable gases from our conventional pyrolysis experiments was 
comparable to previous studies, while autothermal pyrolysis produced higher gas yields 




Figure 4.6. Comparison of product yields achieved in this study to results from previous 
studies of corn stover pyrolysis [22-31]. In this box-and-whisker plot the divided 
rectangular boxes depict mean, upper and lower quartiles of product yields calculated 
from previous studies in the published literature. The whiskers indicate the lowest and 
highest observations reported in the literature. 
 
 The Sankey diagram in Figure 4.7 depicts the dramatic process intensification 
achieved through autothermal pyrolysis of corn stover compared to conventional 
pyrolysis of this feedstock. Moving from conventional to autothermal pyrolysis in the 8.9 
cm diameter reactor allowed biomass feed rate to increase from 7.8 kg hr-1 to 21.9 kg hr-1, 
a 2.8-fold intensification of pyrolysis. This intensification in feed rate is comparable to 




Figure 4.7. Sankey chart comparing conventional and autothermal fast pyrolysis of corn 
stover. Product yields (wt.%) are calculated on a biomass basis. 
 
 Mass yields were converted to carbon yields, as shown in Figure 4.8Error! 
Reference source not found.. Comparing conventional and autothermal pyrolysis, 
biochar carbon yields decreased by 6.1 wt.% (a relative change of -18.6%) and bio-oil 
light ends carbon yield decreased by 0.9 wt.% (a relative change of -4.9%). On the other 
hand, carbon yield of bio-oil heavy ends slightly increased by 0.2 wt.% (a relative change 
of +0.7%) and the NCG greatly increased 6.0 wt.% (a relative change of +40.5%). This 
suggests that oxidation of biochar contributes most of the enthalpy for pyrolysis with 
oxidation of light ends providing a smaller amount of energy. Remarkably, the heavy 
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ends of bio-oil, the most valuable fraction of pyrolysis products is preserved. Compared 
to the previous autothermal pyrolysis study using red oak biomass [37], the carbon yields 
obtained in this study using corn stover are generally less affected by autothermal 
operation. This may stem from the difference in equivalence ratios, 6.8% vs. 10.7% for 
corn stover and red oak respectively, required to achieve autothermal pyrolysis. 
Equivalence ratio provides an indication of the extent of oxidation reactions during 
autothermal pyrolysis. The lower equivalence ratio for corn stover indicates less 
oxidation of bio-oil and biochar and less carbon lost to non-condensable gases. 
 
 
Figure 4.8. Carbon balances for conventional and autothermal pyrolysis of corn stover. 




Comparison of the properties of bio-oil fractions for conventional and autothermal 
pyrolysis  
 Ultimate analyses and moisture content of heavy ends and light ends of bio-oil as 
well as whole bio-oil (that is, combined bio-oil fractions) produced from conventional 
pyrolysis and autothermal pyrolysis are presented in Table 4.3. Whole bio-oil exhibited 
slightly decreased carbon content (1.28 wt.% reduction) as a result of autothermal 
operation, which is attributed to decreased carbon in the bio-oil light ends, which were 
relatively consistent around 62 wt.%. The hydrogen and oxygen content of the whole bio-
oil and bio-oil light ends increased slightly during autothermal pyrolysis, most likely due 
to the presence of increased moisture. as content determined by Karl Fischer titration. 
This additional moisture content is evidence of increased reaction water due to the partial 
oxidation reactions occurring during autothermal pyrolysis. Due to the design of the 
fractioning bio-oil collection system, most of the moisture in the product stream was 
collected in the light ends of the bio-oil, which contained 35-41 wt.% water in contrast to 
the bio-oil heavy ends which had a much lower moisture content of around 8 wt.%. Since 
the corn stover biomass contained little nitrogen or sulfur, these elements constitute a 




Table 4.3. Comparison of yield, ultimate analysis and moisture content of the liquid pyrolysis products of 







Ultimate Analysis (%) KF Moisture 
(%) Carbon Hydrogen Nitrogen Sulfur Oxygen* 
Whole 
Bio-Oil 
Conventional 58.8 34.27 4.36 1.50 0.05 59.83 26.89 
Autothermal 59.7 32.99 4.72 1.26 0.05 60.98 30.05 
Heavy 
Ends 
Conventional 19.0 61.90 6.04 1.95 0.05 30.06 9.62 
Autothermal 19.1 62.10 6.14 1.83 0.06 29.87 6.64 
Light 
Ends 
Conventional 39.9 21.12 3.56 1.29 0.05 73.98 35.10 
Autothermal 40.6 19.32 4.05 0.99 0.04 75.60 41.04 
*Calculated by difference 
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Comparison of co-products from conventional and autothermal pyrolysis of corn 
stover 
 Compositional analyses were carried out on the co-products of corn stover 
pyrolysis. Proximate analyses (fixed carbon, volatile matter, ash and moisture content) of 
biochars are presented in Figure 4.9 on both biochar basis (values enclosed in bracket on 
the bars of the chart) and biomass basis (unbracketed values on the bars). Biochar from 
autothermal pyrolysis had ash content 14% higher on a biomass basis (or 25% higher on 
a biochar basis) than that produced from conventional pyrolysis. Biochar from 
autothermal pyrolysis had 28% less fixed carbon on a biomass basis (or 19% less on a 
biochar basis) than produced from conventional pyrolysis, in agreement with the 
observations on carbon yield presented in Figure 4.8. The biochar volatile matter and 
moisture content appear to decrease slightly but the 95% confidence intervals indicate 
that this is not statistically significant. This overall decrease in carbonaceous content 
(fixed carbon and volatile matter) of biochar suggests that the oxidative atmosphere in 
autothermal pyrolysis not only enhanced oxidation of biochar but potentially increased 
devolatilization and reduced dehydration reactions during pyrolysis. Milosavljevic et. al. 
[40] studied the balance of biochar-forming reactions versus tar-forming reactions 
(devolatilization to pyrolysis vapors) in cellulose pyrolysis and reported that the overall 
enthalpy of reaction is sensitive to differences in heat and mass transfer rates for different 
kinds of pyrolysis reactors. They found that higher heating rates and improved mass 
transfer promoted volatiles release and impeded biochar formation. In the case of 
autothermal pyrolysis, it is conceivable that energy released at the surface of oxidizing 
biochar and/or biomass particles sufficiently enhanced heating rates to favor bio-oil 
production over char formation. This may explain why heavy ends experienced 
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Figure 4.9. Comparison of the proximate analysis of biochar obtained from conventional 
and autothermal pyrolysis. Biochar components are reported on a biomass basis while the 
data in brackets in presented on a biochar basis. 
 
 The other notable co-product of fast pyrolysis is non-condensable gases. The 
composition of CO2, CO, CH4, and other light gases (C2H6 and C2H4) that make up the 
NCG are presented in Figure 4.10 on a biomass basis. There was a 92% increase in CO2 
for autothermal pyrolysis compared to conventional pyrolysis, which is expected from the 
partial oxidation of pyrolysis products. It is interesting to note that CO, a product of 
incomplete combustion, was approximately the same concentration for conventional and 
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autothermal pyrolysis. Significantly, the auto-ignition temperature of CO is about 600 °C, 
well above the 500 °C operating temperature of the autothermal pyrolyzer, whereas 
charcoal and many light oxygenates have autoignition temperature well below the 
pyrolysis reactor temperature [41]. There was a slight decrease in CH4 and other light 
gases (C2H6 and C2H4) for autothermal pyrolysis, but these changes amounted to a very 
small portion of the total NCG.  
 
 
Figure 4.10. Comparison of NCG produced from conventional and autothermal pyrolysis 





 Operating a fluidized bed pyrolyzer at higher superficial velocities, made possible 
by substituting larger sand particles as bed media, overcame fouling problems associated 
with pyrolysis of high ash content biomass. The higher gas velocities promoted attrition 
and elutriation of dense, recalcitrant biochar particles. Substituting air for nitrogen to 
autothermally operate the pyrolyzer was also successful with comparable bio-oil yield 
and quality to that obtained for conventional pyrolysis. Carbon balances indicated that 
oxygen admitted as air to sustain autothermal pyrolysis mostly consumed biochar and the 
light ends of bio-oil. Air-blown, autothermal pyrolysis achieved significant process 
intensification, allowing almost three-fold increase in biomass throughput for the same 
size reactor. We anticipate that other high ash, herbaceous feedstocks such as wheat 
straw, rice husk, and sugarcane bagasse can also be pyrolyzed with high bio-oil yields. 
The results from these pilot-scale trials can help guide design of commercial-scale 
pyrolysis plants, improving the economic prospects of using these crop residues in the 
production of advanced biofuels and biobased chemicals. 
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CHAPTER 5.    GENERAL CONCLUSIONS AND FUTURE WORK 
Conclusions 
My overall research goal was to improve the operating conditions of a pilot-scale 
fluidized bed pyrolyzer coupled with a fractional bio-oil collection system. Specific goals 
included: (1) modifying the fluidized bed reactor to operate in either conventional 
pyrolysis or autothermal pyrolysis conditions, (2) achieve process intensification 
conditions where biomass throughput is maximized via autothermal operation, (3) 
eliminate biochar deposits within the reactor bed to facilitate steady operation of 
herbaceous biomass processing, and (4) modifying the fractional bio-oil collection 
system with a direct-contact heat exchanger (quench vessel) to reduce fouling of bio-oil 
within process piping. Successfully completing these specific goals improved the overall 
operation and performance of the Pyrolysis Process Development Unit (PPDU). Mass 
balances from conventional and autothermal pyrolysis experiments on woody and 
herbaceous biomasses indicate considerably higher bio-oil yields were achieved in the 
modified PPDU compared to its previous configuration and other reported literature. This 
research advances the development of biomass fast pyrolysis and improves the 
commercialization prospects of autothermal pyrolysis systems. 
 
Fluidized bed reactor modifications 
I modified the PPDU’s fluidized bed reactor to be operated in conventional and 
autothermal pyrolysis. The reactor’s inner diameter was reduced from 15.2 cm to 8.9 cm 
(Figure 5.1) in order to: (1) decrease its construction foot print suitable for process 
intensification, (2) match the biomass throughput with the cooling capacity of the fraction 
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bio-oil collection system, and (3) conserve the total biomass used for experimental 
testing. The reactor was fluidized with nitrogen, air, or a combination of both to control 
equivalence ratios at varying feed rates during autothermal pyrolysis experiments. This 
research developed methodology to measure the reactor’s parasitic heat losses by 
measuring the electrical heaters’ baseline power consumption during start-up. 
Conventional pyrolysis experiments increased the electrical heaters’ power consumption 
above the baseline and allowed for measurement of the biomass’ enthalpy for pyrolysis 
(MJ kg-1) by dividing the electrical power (MJ h-1) (difference above baseline) by the 
biomass feed rate (kg h-1). Autothermal pyrolysis experiments were performed under 
simulated adiabatic conditions by maintaining the baseline power consumption but offset 
the enthalpy for pyrolysis (endothermic) by partially oxidizing the biomass and pyrolysis 
products (exothermic) within the reactor. The methodology presented in this research can 
be used to compare biomass feedstocks, different reactor scales, or other reactor types, 
regardless of the differences in parasitic heat losses. Autothermal operation also 
overcomes heat transfer limitations encountered with conventional pyrolysis systems and 
simplifies reactor scale-up by eliminating the need for heat transfer bed internals or heat 





Figure 5.1. Scale drawing of fluidized bed reactor; (a) top view and (b) side view. 
 
Process intensification conditions via autothermal operation 
I utilized autothermal operation of the pilot-scale fluidized bed reactor to achieve 
process intensification conditions where biomass feed rates are significantly increased. 
By maintaining the oxygen-to-biomass equivalence ratio needed for autothermal 
operation, the biomass feed rate and air vol.% in the fluidizing gas were simultaneously 
increased until the reactor was 100% air-blown. During process intensification 
conditions, the biomass throughput of red oak and corn stover increased by 3.2-fold and 
2.8-fold, respectively, compared to the same sized reactor operating under conventional 
pyrolysis. As a result, the production rates of bio-oil and biochar were similarly 
increased. Carbon balances from red oak and corn stover processing indicated less 
valuable pyrolysis products (char and aqueous, bio-oil light ends) are partially consumed 
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via oxidative reactions to provide the enthalpy for pyrolysis, while the most valuable 
pyrolysis product (bio-oil heavy ends) was mostly preserved. This research represents a 
significant advancement for biomass fast pyrolysis systems which simplifies reactor 
scale-up since air-blown operation eliminates the need for inert or recycle gas required 
for fluidization. Furthermore, the enhancement in biomass throughput reduces the 
equipment sizing needed for demonstration-scale or commercial-scale biomass fast 
pyrolysis projects. This research can improve the techno-economics for biomass fast 
pyrolysis by reducing capital and operating costs. 
 
Achieving steady operation of herbaceous biomass 
I improved the PPDU’s ability to process corn stover biomass by increasing the 
sand particle size of the bed media to allow for increased superficial gas velocity within 
the fluidized bed reactor. These changes accelerated the physical breakdown of char 
particles via abrasion and fragmentation and reduced the steady state char loading in the 
bed media due to the promotion of char particle attrition and elutriation. As a result, bed 
fouling issues were eliminated and steady operation of corn stover was achieved. The 
changes in processing conditions also improved the pyrolysis of corn stover by 
decreasing the interaction between char particles and pyrolysis vapors, which can 
catalyze secondary degradation reactions and negatively affect bio-oil yield and quality. 
The corn stover bio-oil yields in this study were generally higher than most of the 
reported literature. This research represents a significant advancement of corn stover fast 
pyrolysis and generally improves the economic potential of using low-value, high-ash 




Bio-oil collection via direct-contact heat exchange 
I modified the PPDU’s fractional bio-oil collection system to utilize a direct-
contact heat exchanger to selectively quench and collect bio-oil heavy ends. The first 
stage fraction employed a quench vessel to spray de-ionized (DI) water into the product 
stream and reduce temperature from 425 °C to 125 °C. The DI water was fully 
evaporated and collected downstream in the fractional bio-oil collection system. The 
quenched bio-oil heavy ends are highly viscous liquids that are also thermally unstable; 
repolymerization and dehydration reactions can degrade oil quality and yield as the 
product flows down the vessel walls. By metering the DI water flow in the spray, careful 
temperature control could be implemented across a wide variety of biomass feed rates 
ranging from 2 to 22 kg h-1 with corresponding mass flow rates of heavy ends ranging 
from 0.4 to 4.3 kg h-1. A traditional shell-and-tube indirect heat exchanger would need to 
be overdesigned to be able to process this wide range of oil flow rates but fouling issues 
would still be challenging to overcome. This research reduced fouling issues of bio-oil 
heavy ends within the process piping and helped to improve yields of bio-oil heavy ends 
from red oak and corn stover biomass fast pyrolysis. Results from this research have been 
included in a paper entitled “Comparison of Direct and Indirect Contact Heat Exchange 
to Improve Recovery of Bio-oil” and submitted to the Journal of Applied Energy. 
 
Future Work 
Despite the various process improvements to the PPDU and the advancement of 
autothermal pyrolysis systems, there are still opportunities for additional research. Future 
work should focus on: (1) the potential for other biomass feedstocks to be autothermally 
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pyrolyzed, (2) pretreated biomass feedstocks to further improve bio-oil yields and 
quality, and (3) process modeling efforts to reduce risk during scale-up. 
 
Potential for other biomass feedstocks 
Red oak and corn stover were used in this research as representatives of woody 
and herbaceous biomass types. Additional biomass feedstocks are expected to be 
developed as dedicated bioenergy crops, which is part of an ongoing effort to diversify 
biomass resources for renewable energy and counteract climate change. Future work 
could utilize other biomasses such as wheat straw, switchgrass, southern yellow pine, or 
forestry residues from thinning operations. Different biomasses can significantly affect 
bio-oil and biochar yields; additional research on the autothermal pyrolysis of other 
biomass feedstocks would be useful. 
 
Pretreated biomass feedstocks 
The biomasses, red oak and corn stover, used in this research have different 
amounts of ash content and underwent grinding and drying before processing but were 
not chemically pretreated. Ash can have profound effects on thermochemical processing, 
depending upon its composition. For example, alkali and alkaline earth metals (AAEM) 
in ash content are well known to catalyze the fragmentation of pyranose and furanose 
rings in polysaccharides [1, 2], leading to small oxygenated molecues instead of anhydro-
monosaccharides [3, 4]. Furthermore, as the biomass devolatilizes, the AAEM is 
concentrated in the char product, which can catalyze secondary reactions of volatiles to 
produce coke and light gases [5-7]. These primary and secondary degradation reactions 
reduce bio-oil yield and quality, sacrificing high molecular weight products in favor of 
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increased char, reaction water, lower molecular weight liquids, and non-condensable 
gases [8, 9]. 
Pretreatment of switchgrass [10] and red oak [11] biomasses with sulfuric acid 
have been shown to increase the yield of bio-oil heavy ends, specifically pyrolytic sugars. 
Processing acid-pretreated biomass feedstocks in a fluidized bed reactor can be difficult 
as bed fouling has been reported [11]. Other chemical pretreatment methods for biomass 
need to be developed to further improve bio-oil yields and produce high-value pyrolytic 
sugars. This could also improve the biomass fast pyrolysis techno-economics for 
bioenergy and biorenewable chemicals. 
 
Scale-up to a 50 ton per day demonstration unit 
The results presented in this research have been promising enough to garner 
funding for the design and development of a larger, demonstration unit processing 50 
tons of corn stover per day. Additional research progress is needed for modeling the 
interacting chemical reactions that occur during autothermal pyrolysis. Process modeling 
efforts will help reduce risk of the future project.  
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